Industrial strains have been traditionally improved by rational approaches and combinatorial methods involving mutagenesis and selection. Recently, other methods have emerged, such as the use of artificial transcription factors and engineering of the native ones. As methods for generating genetic diversity continue to proliferate, the need for quantifying phenotypic diversity and, hence, assessing the potential of various genetic libraries for strain improvement becomes more pronounced. Here, we present a metric based on the quantification of phenotypic diversity, using Lactobacillus plantarum as a model organism. We found that phenotypic diversity can be introduced by mutagenesis of the principal factor, that this diversity can be modulated by tuning the sequence diversity, and that this method compares favorably with commonly used protocols for chemical mutagenesis. The results of the diversity metric here developed also correlated well with the probability of finding improved mutants in the different libraries, as determined by recursive screening under stress. In addition, we subjected our libraries to lactic and inorganic acids and found strains with improved growth in both conditions, with a concomitant increase in lactate productivity.
Industrial strains have been traditionally improved by rational approaches and combinatorial methods involving mutagenesis and selection. Recently, other methods have emerged, such as the use of artificial transcription factors and engineering of the native ones. As methods for generating genetic diversity continue to proliferate, the need for quantifying phenotypic diversity and, hence, assessing the potential of various genetic libraries for strain improvement becomes more pronounced. Here, we present a metric based on the quantification of phenotypic diversity, using Lactobacillus plantarum as a model organism. We found that phenotypic diversity can be introduced by mutagenesis of the principal factor, that this diversity can be modulated by tuning the sequence diversity, and that this method compares favorably with commonly used protocols for chemical mutagenesis. The results of the diversity metric here developed also correlated well with the probability of finding improved mutants in the different libraries, as determined by recursive screening under stress. In addition, we subjected our libraries to lactic and inorganic acids and found strains with improved growth in both conditions, with a concomitant increase in lactate productivity.
divergence ͉ phenotypic diversity ͉ strain improvement ͉ stress tolerance ͉ transcriptional engineering P roduction of chemicals and fuels from renewable sources has become a major focus of the biotechnology industry as petroleum sources become scarcer and riskier to secure (1) . Metabolic engineering has emerged as the enabling technology for designing entire biochemical pathways, both heterologous and native to the engineered strain (2) . By using mostly rational approaches for pathway design and construction, this field has met with remarkable success in manufacturing commercial products (3) (4) (5) . A major remaining challenge is engineering environmental tolerance phenotypes to allow robust growth and production under adverse industrial conditions (6, 7) . In general, these phenotypes are hard to engineer, because stress conditions elicit multigenic responses (8) coordinated at the transcriptomic and proteomic levels (9, 10) .
Robust industrial strains have been traditionally obtained through adaptation and selection (11, 12) . Because natural adaptation is time-and resource-intensive, mutagens are used to introduce diversity in the population and accelerate the process (13) . Alternatively, and in recognition of the more direct mapping between transcriptome and phenotype, efforts in strain improvement have focused on direct manipulation of the transcript profile (14 -19) . Global transcription machinery engineering (gTME) has been successfully applied to introduce transcriptional-level modifications that are transferable between strains. Examples include random mutagenesis of the TATA-binding protein of Saccharomyces cerevisiae (14) and of the principal -factor of Escherichia coli (15) . In addition to artificial transcription factors and gTME, other methods for phenotypic alteration include libraries of siRNAs (20) , randomized ribozymes (21) , knockout and overexpression libraries (22) , etc. These approaches are similar in that they create diverse genetic libraries that can be screened for improved phenotypes.
Given the multitude of available options for strain improvement, a method for assessing the different alternatives quantitatively may render finding a superior cell a more systematic and efficient task. A generalized framework for evaluating strainimprovement approaches confers predictive power and allows optimization of the experimental techniques. In this study, we present a quantitative platform for comparing the potential of different strain-improvement approaches, and we apply it for evaluating libraries constructed by transcriptional engineering and chemical mutagenesis. The method is based on the premise that it is more probable to find improved variants in diverse populations than in homogeneous populations.
We used Lactobacillus plantarum as a model organism for two reasons: first, because it is of industrial interest for production of lactate, a raw material used in the synthesis of biodegradable polymers and food additives (6) and second, to extend the concept of transcriptional engineering beyond the canonical laboratory strains Escherichia coli and Saccharomyces cerevisiae. L. plantarum grows optimally at pH 6.0, but the downstream separation is most efficient at lower pH (near or below the pK a ϭ 3.85), at which more of the acid is present in its undissociated form (23, 24) . However, it is also this form of the compound that is most harmful, because it dissipates the transmembrane proton gradient and leads to intracellular accumulation of lactate (25, 26) . A global approach in eliciting tolerance to the above conditions was deemed appropriate, because several genes mediate the response to acidic environments in both the presence and absence of lactate (27, 28) .
Results

Phenotypic Diversity Can Be Effectively Introduced with -Factor
Libraries. In this study, we chose growth rate as the phenotype for measuring diversity. Before applying the experimental protocol to library evaluation, its efficacy in distinguishing colonies of various sizes was assessed to ensure that growth rate is a reliable phenotype for diversity quantification [see supporting information (SI) Methods]. The phenotypic diversity of four different populations was quantified (including the control). Three libraries of the principal -factor (rpoD) of L. plantarum were constructed by error-prone PCR (epPCR), differing in their average mutation frequency. Different mutation frequencies (low, medium, and high) were achieved by varying the amount of template DNA in the reaction. The fraction of mutated-DNA copies and the average number of mutations per copy decrease with increasing amounts of template DNA, because each template strand is replicated fewer times. More than 4,000 clones from each library were plated in different conditions, and their colony areas were analyzed.
First, the average phenotypic distance was calculated for each population in the nonstressful condition; a larger distance implies a larger phenotypic dissimilarity among members of a population (Fig. 1) . The original size of each library (Ͼ10 5 ) is significantly larger than the number of clones that were analyzed, so the calculated average phenotypic distance (d, in Eq. 1) is, in fact, a sample average. To assess the statistical significance of this metric, the value of the average phenotypic distance was bootstrapped to obtain its distribution. The bootstrap algorithm (29) involves resampling (with replacement) the population and calculating the value of d for every such subpopulation according to Eq. 1 (Materials and Methods). Thus, the result is easily displayed in a histogram that reflects the probability that the ''true'' average phenotypic distance has a certain value ( Figs. 1  and 2 ). Fig. 2 shows the distributions obtained in this manner for the three libraries of varying mutation frequencies and control under nonstressful conditions. The graph shows that increasing the mutation frequency increases the average distance between the members of the populations. Furthermore, this increase of phenotypic diversity as a function of sequence diversity is statistically significant (there is little overlap between the distributions). The procedure was repeated for each of the three libraries (low, medium, and high) and control, plated under each of the three stress conditions (low pH (adjusted with HCl), osmotic/salt stress, and lactic acid) to determine whether this trend is also followed under stress. Because L. plantarum has different transcriptomic responses to these stresses (28) , plating in these conditions would contribute additional information to the diversity metric.
It is well known that all populations, including those that are clonal, possess a certain inherent variability and biological noise (30) (31) (32) . This means that the distribution of a phenotypic metric, like colony size, is not uniform, and, therefore, the corresponding phenotypic distance is nonzero. Hence, the distance value by itself is of little value unless it is properly normalized. The average phenotypic distance of a library population should then be compared with that of the unmutated control, yielding the ''additional'' phenotypic distance introduced in the library, here called ''divergence'' (Fig. 1) . Because, in each of the four conditions the average phenotypic distance has a distribution (introduced by bootstrapping), this normalization must account for both the mean and the dispersion of the distributions. In general, this can be done by using so-called statistical distance measures. We chose Bhattacharyya's equation (Eq. 3) to normalize the distances of each of the libraries by the distances of the control population (see SI Methods).
Finally, we carried out the same analysis (SI Fig. 8 ) for a population that had been mutagenized by using NTG (Nmethyl-NЈ-nitro-N-nitrosoguanidine). This reagent is widely used in classical strain improvement to create cell diversity by introducing random mutations in the chromosome; it is regarded as one of the most effective chemical mutagens (13) . One of the main goals of this study was to compare the potential of libraries constructed by transcriptional engineering to those obtained by this well established method. The results of the analysis are summarized in Fig. 3 , depicting the divergence given by Bhattacharyya's equation for each of the above four libraries. Because divergence is a normalized metric, the value for the unmutated control is zero, by definition. The graph shows that our NTG-mutagenesis library diverged less from the control than any of the -factor libraries. In other words, more phenotypic diversity was in- Experimental procedure for phenotypic diversity quantification. Populations (libraries or controls) are plated, photographed, and analyzed (Left). Homogeneous populations have small average phenotypic distances, whereas diverse populations have larger ones (Right). The illustration shows average phenotypic distances as distributions that result from the bootstrapping algorithm. The divergence is schematically shown for this onedimensional case (one plating condition) as the separation between these distributions. Distributions of the average phenotypic distance (d, Eq. 1) of populations with different mutation frequencies (low, medium, and high). These libraries and the wild type were plated under nonstressful conditions, photographed, and analyzed to calculate their average phenotypic distance. The histograms were obtained by bootstrapping and reflect the probability that the true average phenotypic distance has a certain value. troduced by mutagenesis of the -factor than by genome-wide mutagenesis with NTG (at 40 -50% killing).
Divergence Metric Correlates with the Probability of Finding Improved Mutants. To investigate the predictive power of our diversity quantification method for improved phenotypes, we tested whether there was a correlation between our diversity metric and the probability of finding an improved mutant in a new stress. We screened each library a total of 192 times in 96-well plates under malic acid stress and calculated the probability that a screening event (i.e., a well) was successful (i.e., grew better than the control). We scored as ''improved'' the wells that exceeded the maximum OD found in the wells with wildtype cells (Fig. 4) . The results parallel the findings of the diversity metric indicating that improved diversity increases the probability of isolating mutants with improved phenotype.
Application to the Isolation of Improved -Factor Mutants in High
Lactic Acid and Low pH. To test the practical significance of this study, the -factor libraries constructed for diversity quantification were also screened for improved phenotypes in industrially relevant conditions. Because low pH fermentations are characterized by high concentrations of free lactic acid and protons, both conditions were explored. We challenged these libraries either in 5.5 g/liter L-lactate at an initial pH ϭ 4.6 (LA condition) or at an initial pH of 3.85 adjusted with inorganic acid (HCl condition). The LA condition addresses the metabolic endproduct stress directly, whereas the HCl condition does so indirectly (i.e., only as the cells produce lactate). Individual clones were selected after three rounds of subculturing, and the plasmids carrying the mutant -factors were isolated. The latter were sequenced and retransformed by electroporation into cells with clean genetic background to ensure that the improved phenotype did not arise due to spontaneous mutation of the chromosomal DNA. After confirming the phenotype, the best clones (mutant S6 under the LA condition and mutant H13 under the HCl condition), were selected for more detailed analysis. Fig. 5 shows the growth profiles of the retransformed mutants and control under the same stresses used for selection. Mutant S6 grows Ϸ3.5-fold faster and up to a 5-fold higher OD than the control in the LA condition. Mutant H13 reaches 86.4% higher OD and a 25% higher growth rate than the control when grown in the HCl condition. The mutants were also tested under stresses not used for selection, i.e., mutant S6 was grown in the HCl condition and H13 in the LA condition. To complete this analysis, we coexpressed the two rpoD mutants, because prior work suggested that improvements in phenotype conferred by different -factors may be additive (15) . When tested in the LA, HCl, or nonstressful conditions, the growth and L-lactate production of the double mutant was similar, although not identical, to that of H13 (Table 1 , L-lactate data not shown).
Fermentations. Fermentations were carried out to determine the lactic acid productivity of H13 and control. This mutant was tested because it was tolerant to both HCl and LA stresses, whereas S6 was specifically tolerant to the LA condition (Table  1) . De Man, Rogosa, and Sharpe (MRS) medium was either supplemented with glucose (no stress), or the initial pH was adjusted to 3.85 with no added glucose (HCl condition). Under no stress, H13 the and wild type had similar lactic acid titers. At an initial pH of 3.85, mutant H13 grew better and produced more lactic acid (Figs. 5 and 6 ).
Discussion
A main goal of this study was to develop a framework for comparison of different random strain improvement approaches. We reasoned that diversity is an intrinsic property of a population and that it can be used as a proxy of its evolutionary potential. To quantify diversity, one must first choose a phenotype of interest. In this study, we chose growth rate as the phenotype for diversity quantification for two reasons. First, because it is a complex phenotype (i.e., dictated by many factors) of practical importance. Second, because it can be readily determined with high throughput by measuring colony area. After testing the method for distinguishing two mutants based on colony size, it was used to quantify the divergence of -factor and NTG-mutagenesis libraries from an unmutated control.
The results of the analysis support the following conclusions: (i) that mutations in the -factor allow introduction of phenotypic diversity; (ii) that this variability increases with mutation frequency; (iii) that localized mutagenesis of the -factor enhances diversity better than NTG mutagenesis of the entire genome (at 40-50% killing, following ref. 33); (iv) that the increased diversity is observed in different conditions (i.e., the mutations are pleiotropic); and (v) that diversity was correlated to the probability of finding improved mutants.
Conclusion i implies that the -factor is a good target for phenotypic alteration and could have been derived, qualitatively, from the successful use of -factor engineering for isolating improved strains (present work and ref. 15); here, we confirmed this fact by using a quantitative method. These results are taken one step further by conclusion ii. The increase in phenotypic diversity with rpoD sequence diversity argues that conclusion i is not accidental. Furthermore, these results echo previous studies in protein engineering (34) , which establishes that it is possible to tackle strain improvement problems with protein-engineering approaches, and suggests the use of other protein-engineering techniques to optimize transcriptional engineering. Optimization would be especially useful when considering that as the mutation frequency of the library increases, so will the fraction of nonfunctional, misfolded mutants. As this fraction increases, the phenotypic diversity is expected to decrease, because more mutants will exhibit a phenotype that results from expressing misfolded proteins [i.e., upregulation of chaperones, proteases, etc. (35)].
Conclusions iii and iv have important practical consequences; the former because it establishes that targeting the global transcription machinery compares favorably to traditional techniques for evolving new strains, the latter because it evidences the versatility of this approach. Such versatility and the results that led to conclusion v imply that libraries of transcriptional regulators can be screened in multiple conditions. The diversity quantification method here presented can aid in prioritizing the screening efforts when libraries of other regulators are considered. Furthermore, the resulting metric can be used for optimizing and refining existing or novel strainimprovement methods.
We found a good correlation between the diversity of the libraries and the probability of finding improved clones. In the condition tested, we found that it was Ϸ5-fold more probable to find improved mutants in the -factor library with high mutation frequency than in the NTG-mutagenesis library, similar to the fold improvement in the divergence value. These results suggest that our diversity quantification method allows categorization of libraries according to a quantitative metric, which can be used for predicting the outcome of a strain-improvement effort. Even the highest probability of success was not extraordinary (Ϸ45%), but this is likely related to the strict definition used for scoring successful screening events (one where the OD was higher than the maximum OD for the wild type). ''Unsuccessful'' screening events may also have improved mutants but perhaps in such low concentrations that they could not overtake the population in a single round of culturing.
The fact that mutagenesis at the chromosomal level was less effective than localized mutagenesis of the -factor may seem counterintuitive. After all, it may be argued, mutations in the -factor are a subset of the possible mutations in the chromosome. However, because the mutations are introduced in an additional copy of the -factor, we are effectively evolving an ''alternative'' -factor that confers the improved response. This mimics the process of gene duplication and function specialization that may have led to naturally occurring alternative -factors (36) .
We used the -factor libraries of L. plantarum for improving its growth in high lactic acid (mutants H13 and S6) and low-pH conditions (mutant H13). Acidification of the media with inorganic acid causes a different transcriptomic response than when lactic acid is used (28) , although these stresses are inseparable during fermentation. The production of lactic acid is accompanied by acidification of the medium, whereas low pH increases the amount of free lactic acid that may enter the cell and effect toxicity (24, 26) . Therefore, it is possible that the transcriptome that protects H13 at low pH (HCl condition) also protects it against lactic acid (LA condition). Conversely, the same may be true of S6 in the HCl condition. To explore this transcriptomic overlap, we tested the mutants and control in both conditions ( Table 1) . Mutant H13 exhibits improved growth at low pH adjusted with both inorganic and lactic acids, but mutant S6 does not when inorganic acid is used. Likely, the mutants cope with these stresses differently, and the underlying mechanisms result in a convergent phenotype in lactic acid. We tried to exploit both mechanisms by coexpressing the mutant -factors in the same cell. The phenotype of the combined mutant in both LA and HCl was similar to that of H13, suggesting that the mechanism of action of this -factor is dominant over that of S6 and wild type.
We also studied the sequences of the mutant factors that gave rise to the observed characteristics. Mutant S6 has a single nonsynonymous substitution (Q345K). This mutation was responsible for the increased growth in high lactic acid, the higher specific productivity of lactate (between 40% and 60% with respect to control), sensitivity to HCl (Table 1) , tolerance to higher salt concentrations (results not shown), and probably other traits that remain uncharacterized. The pleiotropic nature of the mutation suggests that it changes the internal environment globally. Glutamine 345 is located in a region that is highly conserved across -factors of many species involved in the recognition of and interaction with the Ϫ35 promoter box (37) . This mutation most likely changes the relative affinity of the RNA polymerase (RNAP) holoenzyme for different promoter regions, similar to what has been observed in E. coli (38, 39) , which may result in a global response.
Mutant H13 has several nonsynonymous substitutions (T44A, R74K, D114A, and S119A) and an insertion that results in a truncated -factor that includes all of region 1.1 and part of region 1.2 of the protein. Region 1.1 is relatively unconserved across species. Many bacterial -factors (like that of E. coli) have acidic N termini, presumably to mimic the DNA strand and prevent nonspecific binding of the -subunit when not bound to the core RNAP (40) . Others (like that of the cyanobacterium Thermosynechococcus elongates) have basic regions that have been suggested to be involved in direct DNA binding (41) . Given that taxonomic analyses suggest that Gram-positives and cyanobacteria are sister groups (42) , it is more probable that the L. plantarum -factor region 1.1 has the latter, rather than the former functionality. To further test this possibility, we analyzed the first 70 aa of L. plantarum, and found 12 basic residues, contrasting with 3 in the E. coli counterpart. This suggests that it is possible that region 1.1 of the H13 -subunit binds DNA and that this free form acts as a nonspecific repressor. The 3D structure of the Lactobacillus -subunit has not been determined, which precluded us from doing a surface-charge analysis to assess this possibility. For both mutants, a more complete explanation of the effect of the altered factors in the transcription process would require a multifaceted study and thus is beyond the scope of the present article.
The preceding discussion leads to the following question: Is there an inherent advantage of targeting (or other regulatory proteins) for phenotypic alteration? The results of the present study argue so, but previous findings are also closely in tune with our work. Transcription factor-binding variation has been recently found to supersede gene variation in closely related species, indicating that rapid phenotypic specialization is largely due to changes at the gene-regulation level (43) . Therefore, our comparison of the phenotypic diversity in -factor versus NTGmutagenesis libraries seems to describe a natural mechanism of evolution. Most probably, mutations introduced by NTG are diluted in the large sequence space of the genome, so that it is uncommon that enough beneficial changes accumulate and cause a significant improvement in phenotype. On the other hand, mutations in the -factor may explore the ''regulatory space'' more efficiently. Because we are targeting trans-acting regulatory mechanisms, a high degree of pleiotropy is expected. This was indeed observed, and it implies that small changes in these targets introduce profound phenotypic changes. As such, the principles of transcriptional engineering have great potential for whole-cell-directed evolution, and the diversity quantification method presented will allow optimization of this and similar approaches.
Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. L. plantarum was obtained from American Type Culture Collection (BAA-793) and E. coli DH5␣ from Invitrogen. Lactobacillus was routinely grown in MRS (bioMerieux) medium and E. coli in LB (Difco). Media was supplemented with chloramphenicol to 8 g/ml for Lactobacillus and 5 g/ml for E. coli as needed. Plasmid pGK12 (44) , obtained from Todd R. Klaenhammer (North Carolina State University, Raleigh, NC), confers erythromycin and chloramphenicol resistance and was propagated unmethylated in E. coli GM1829. Plasmid pDK12 was constructed by inserting the multiple cloning site (MCS) of plasmid pUC18 into the NsiI and ClaI sites of pGK12. Primers MCSs and MCSa (SI Table 2 ) were used to amplify the MCS, the PCR product was cut along with pGK12 and the two fragments were ligated. The new plasmid (pDK12) is capable of ␣-complementation in DH5␣. The control plasmid, PDK12D, has the unmutated rpoD gene amplified from L. plantarum genomic DNA (ref. 45 ; National Center for Biotechnology Information (NCBI) accession no. AL935257, region 219202-220308) with primers Xma-rpoprom and Xba-rpoterm. The reverse primer includes the transcriptional terminator of the pln operon (NCBI accession no. X94434).
Library Construction and Phenotype Selection. Plasmid pDK12D was used as the template for the epPCR, by using primers Xma-rpoprom and Xba-rpoterm. For error-prone PCR (epPCR), the GeneMorph II kit from Stratagene was used according to manufacturer's instructions. The mutation frequency was varied by using different amounts of target: 560 ng for low, 280 ng for medium, and 28 ng for high, as suggested by the manufacturer. The inserts were cut with XmaI and XbaI, gel-purified, and inserted into linearized and dephosphorylated pDK12. The ligation reaction was electroporated as described (46, 47) . The total library size was Ͼ10 5 . The NTG library was prepared from an unmutated strain as described (33) . A killing curve was first determined, and 40 -50% killing was used as suggested.
For selecting improved mutants in lactic acid and low pH, each library was challenged either in media acidified with 5.5 g/liter L-lactate to an initial pH of 4.60 Ϯ 0.05 (LA condition) or with hydrochloric acid to an initial pH (ϷpK a) of 3.85 Ϯ 0.05 (HCl condition). Libraries were subcultured twice 20 -30 h after inoculation and then plated to isolate individual clones. The plasmids carrying the mutant -factors were extracted and retransformed into fresh cells by electroporation, and the phenotypes were confirmed by using the same conditions used for challenging.
For testing the probability of finding improved mutants, libraries and control strains were screened in 96-well plates (two independent experiments each, for a total of 192 screenings per library) with 100 mM malic acid (pH ϭ 4.0 Ϯ 0.1). The initial OD of all of the wells was the same. Screening events were scored as successful if their stationary OD (after 30 -40 h) was higher than that of the highest OD found in the control plate.
Diversity Quantification. We used growth, as measured by the colony size, as the phenotype for diversity quantification of libraries generated by the various methods. Colony area was measured by plating cells in one of four conditions (all in MRS agar with chloramphenicol): 900 mM NaCl (osmotic/salt stress), 60 mM HCl, 4 g/liter L-lactate, or no stress. Cells were diluted and plated in low enough concentration to be able to distinguish individual clones and to neglect neighboring effects. Plates were put at 4°C overnight to stop growth before photographing by using an AlphaImager 3400 system (Alpha Innotech). Images were processed by using MetaMorph version 6.2 (Molecular Devices). All data analysis was done with MATLAB (MathWorks). Average phenotypic (Euclidean) distance was calculated as
where the brackets indicate an average over all pairs of members of the population and Pi is the phenotype of colony i. In this case, the logarithm of the colony area, A, was used as the phenotypic measure because it was found to be lognormally distributed (SI Fig. 7 ):
Bootstrapping was done to assess the statistical significance of d with a simple MATLAB code that randomly chooses a sample (of the same size as the population to be analyzed), with replacement, and calculates the value of d for this sample (by using Eq. 1). This procedure was iterated, and a histogram was constructed with the values of d calculated in this fashion (Fig. 2) . The Bhattacharyya distance (BD) was used to normalize the average phenotypic distances of the libraries with that of the control (48): where is the covariance matrix, is the mean vector, and the subscripts l and c are for the library and control populations, respectively.
Fermentations. Overnight cultures of each clone were diluted in shake-flasks (Fig. 6 ) to an OD600 ϭ 0.02 in either MRS supplemented with glucose to 100 g/liter (pH not adjusted) or MRS with no added glucose and initial pH adjusted to 3.85 Ϯ 0.05 with HCl (same as HCl condition described). Glucose supplementation was added to ensure that this nutrient was not limiting, following previously established practices (6, 24) . L-lactate in the supernatant was measured with a YSI 2700 Select Biochemistry Analyzer (YSI) as in ref. 6. 
